Abstract. In order to solve the problem of the traditional buck converter's ability to step-down the voltage, a special designed switched-inductor structure is introduced and a novel hybrid buck converter is proposed. The circuit topology, working principle and output characteristics of the hybrid DC-DC converter with input inductors (L1=L2 and L1≠L2) are analyzed in detail. Compared with the traditional converter, the minimal step-down ratio of the proposed converter is much lower than that of the traditional buck converter. On the basis of theoretical research, the feasibility and advancement of the hybrid buck converter with switched-inductor structure are verified by building a simulation model.
Introduction
In recent years, with the advent of global energy crisis and environmental pollution, renewable energy sources such as photovoltaic cells and fuel cells have been developed rapidly. However, the output characteristics of new energy sources are complex, and the voltage variation range is very wide. For it is often impossible to directly provide the required power form for the electric equipment such as a motor, the switching converter plays an important role in its power supply system.
However, the traditional converter needs to operate under the limit duty cycle when providing an extreme high or an extreme low voltage gain. For example, a buck converter operates at a duty cycle less than 10%, or a boost converter operates at a duty cycle more than 90%. Under the extreme working condition, the traditional converter loses the space and sensitivity to deal with instantaneous variation of the input voltage or the load.
With the rise of switched-capacitor and switched-inductor structures, the literatures [1] and [2] propose to install the switched-inductor structure on the circuit of the traditional boost converter to obtain the required conversion rate. The literature [3] applies the switched-inductor structure to a quadratic boost converter to increase the voltage gain of the converter, and it is suitable for high stepup applications. By introducing a switched-capacitor, the voltage gain of a traditional boost converter is improved, furthermore, the more switched-capacitor structures, the higher the converter's voltage gain [4] [5] [6] . The references [7] and [8] also obtain the desired voltage gain by introducing switchedinductor and switched-capacitor structures.
In this paper, a novel hybrid buck converter with switched-inductor structure is introduced. The principle, characteristics and simulation results of the proposed converter under different conditions are analyzed in detail. Finally, the corresponding conclusions are given.
The Main Circuit of the Hybrid Buck Converter
The Circuit Topology of the Hybrid Buck Converter
The circuit topology of the traditional buck converter is shown in figure 1 . It consists of the switch S, the diode D, the inductor L and the capacitor C. The novel hybrid buck converter with switched-inductor structure studied in this paper is shown in figure 2 . In this figure, the DC power source Vin, the main switch S, the capacitor C, and the load R constitute input and output of the converter, the inductors L1, L2 and the diodes D1, D2 constitute the switched-inductor structure. 
The Working Principle
In the proposed hybrid buck converter shown in figure 2 , it is assumed that the switch and diodes are ideal devices, and the capacitance and inductance are large enough. 
Switching Mode 1.
As shown in figure 3(a) , at time t0, switch S is turned on, both diodes D1 and D2 are turned off. At time t1, the switch S is turned off and the next switch mode is entered. In this switching mode, the inductors L1 and L2 are connected in series. The input voltage Vin charges the inductors L1 and L2. The output capacitor C discharges to the load to maintain the output voltage's stability. The inductors store energy and the inductor currents linearly increase.
Switching Mode 2. As shown in figure 3(b) , at time t1, the switch S is turned off, and the diodes D1 and D2 are turned on. At time t2, the switch S is turned on and the switching cycle ends. In this switching mode, the inductors L1 and L2 are connected in parallel, discharging the capacitor C and the load at the same time. The currents flowing through the inductors decrease linearly.
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According to the principle of the volt-second balance of the inductors L1 and L2, the following expression can be obtained:
(1 )
From equation (5), it can be found that when L1 = L2, the voltage gain M of the hybrid buck converter in the continuous conduction mode is:
From equation (6) , it can be seen that when the inductance L1 = L2, the voltage gain of the hybrid buck converter is smaller than that of the traditional buck converter, which effectively solves the problem of the limit duty cycle.
The case of the inductance L1 ≠ L2. When the switch S is turned off, the inductors L1 and L2 are discharged simultaneously. Because L1 is not equal to L2, the values of iL1 and iL2 are not equal when the switch is turned on. Assume that the value of L1 is greater than L2, so that the value of iL1 is greater than iL2. Due to the series structure of the two inductors and the effect of the input voltage, the current of inductor L2 rises rapidly, while the current of inductor L1 continuously decreases. At a certain moment, the currents on the two inductors are equal. Figure 5 shows the waveforms of the main parameters of the converter when L1 ≠ L2.
Figure 5. The Main Waveforms of the Proposed Converter (L1 ≠ L2).
When the inductor current iL1 is equal to iL2, the working process of the converter is the same as that when L1=L2, and the voltage gain of the converter is also the same.
Converter Performance Analysis The Voltage Gain of the Converter
In the CCM operation mode, the relationship between the converter's voltage gain and the duty cycle is shown in figure 6 . In figure 6 , the solid line shows the relationship between the voltage gain and the duty cycle of the hybrid buck converter, and the dotted line shows the relationship between the voltage gain and the duty cycle of the traditional buck converter. By observing this graph, one can find that the hybrid buck converter with switched-inductor structure proposed in this paper has a smaller voltage gain, which can avoid the occurrence of the limit duty cycle.
The Average Current of the Input Inductor
When the hybrid buck converter operates stably, the following expression can be obtained according to the power balance of the converter:
According to equations (6) and (7), the average value of the inductor current can be obtained as: (8) and (9), it can be found that the ratio of the input inductor's average current to the output average current of the hybrid buck converter and the traditional buck converter varies with the voltage gain, and the comparison curves are shown in figure 7 . As shown in figure7, the average input current of a single input inductor of the hybrid buck converter is small, which can reduce the volume of a single input inductor core. 
Simulation Results and Analysis
In order to verify the correctness of the theoretical analysis and the advancement of the hybrid buck converter, the paper conducts a simulation study, and the circuit parameters of the converter are selected as shown in table 1. Through the simulation research, the following waveforms can be obtained. Figure 8 shows the waveforms of the driving signal Vg, the input voltage Vin and the output voltage Vo. Among them, the third waveform is the hybrid buck converter's output voltage, and the last one is the traditional buck converter's output voltage. According to the voltage gain expression, when the duty cycle is 15%, the output voltage's theoretical value of the hybrid buck converter and the traditional buck converter are 8V and 15V respectively. Observing the simulation waveform, the experimental results are in agreement with the theoretical values. It proves that compared with the traditional buck converter, the hybrid buck converter proposed in this paper has a smaller voltage gain, and it is suitable for extreme step-down applications. Figure 9 shows the waveforms of the driving signal Vg and the inductor currents. The currents iL1 and iL2 are the hybrid buck converter's currents flowing through the inductors L1 and L2, and the iL is the traditional buck converter's inductor current. It can be seen from Figure 9 that the values of iL1 and iL2 are the same and are consistent with the theoretical values, and the average value of iL is bigger than that of iL1 and iL2, which proves the correctness of the previous theoretical analysis. 
Conclusion
By using a special designed switched-inductor structure, a novel hybrid buck converter is obtained. The circuit topology, working principle and output characteristics are analyzed. Because the operating mode of the converter is affected by the values of the inductor L1 and L2, the thesis analyzes the working principle of the hybrid buck converter under two conditions of inductance L1 = L2 and L1 ≠ L2. Compared with the traditional buck converter, the hybrid buck converter has lower step-down ratio and smaller input inductor current. At last the paper verified the feasibility and advancement of the novel hybrid buck converter through simulation research.
